Salnzonellu typhimurium did not inhibit fusion of lysosomes with the phagocytic vacuoles in infected macrophages and caused no increase in cyclic adenosine 3' : 5'-monophosphate. Glu taraldehyde-killed bacteria showed rapid ultrastructural degeneration within the phagolysosomes. In contrast, untreated bacteria were resistant to digestion by lysosomal enzymes. Intracellular survival of this species appears to depend on resistance to, and not evasion of, lysosomal enzymes.
Salnzonellu typhimurium did not inhibit fusion of lysosomes with the phagocytic vacuoles in infected macrophages and caused no increase in cyclic adenosine 3' : 5'-monophosphate. Glu taraldehyde-killed bacteria showed rapid ultrastructural degeneration within the phagolysosomes. In contrast, untreated bacteria were resistant to digestion by lysosomal enzymes. Intracellular survival of this species appears to depend on resistance to, and not evasion of, lysosomal enzymes.
I N T R O D U C T I O N
Normally when micro-organisms are ingested by mammalian cells, lysosomes fuse with phagosomes and the intraphagosomal micro-organisms are digested by lysosomal enzymes within the resulting phagolysosomes. Three ways in which intracellular parasites escape this fate have been described. First, Mycobacterium lepraemurium, Leishmania mexicana and L. donovani resist lysosomal enzyme attack and proliferate within phagolysosomes (Hart et al., 1972; Alexander & Vickerman, 1975; Chang & Dwyer, 1976) . Second, Mycobacterium Ieprae and Trypanosoma cruzi escape from phagosomes and multiply within the cytoplasm (Evans & Levy, 1972; Kress et al., 1975; Noguiera & Cohn, 1976) . Third, failure of lysosoines to fuse with phagosomes is apparent in cells infected with Mycobacterium tirberculosis (Armstrong & Hart, 1971) , Mycobacterium micrati (Hart et al., 1972; Lowrie et ul., 1975a) , Toxoplasma gorzdii (Jones & Hirsch, 1972) , Chlamydia psittaci (Friis, 1972; Todd & Storz, 1975) and Encephalitozoon cuniculi (Weidner, 1975) .
Evidence has been presented suggesting that M. microti inhibits phagolysosome formation in macrophages by increasing the cyclic adenosine 3' : 5'-monophosphate (cyclic AMP) content of the infected cells (Lowrie et a/., 1975a) . We have therefore tested the hypothesis that cyclic AMP could be the inhibitor common to other instances of failure of phagosorne/ lysosome fusion.
Salmonella typhimurium is not killed but multiplies slowly within macrophages (Lowrie et a/., 1979) . Studies of phagolysosorne formation and of the cyclic AMP content of macrophages infected with this organism are reported here.
were rinsed with HSS containing 0.007 % (w/v) sodium bicarbonate at 37 "C and then overlaid with 2-5 ml phagocytosis medium [HSS containing 2.5 % (v/v) newborn calf serum (Gibco-Biocult, Paisley, Scotland)] containing 1 % (w/v) ferritin (Cd-free; Miles Labs, Slough). The monolayers were incubated with ferritin for 3.5 h at 37 "C then rinsed twice with HSS containing 0.035 % sodium bicarbonate. The original MM was then replaced and the dishes were incubated for a further 3 h. The dishes were again rinsed with warm HSS containing 0-007 % bicarbonate and inoculated with either live or glutaraldehyde-killed bacteria in phagocytosis medium, or with phagocytosis medium alone (control), and incubated at 37 "C for 2 h to allow phagocytosis. Some of the monolayers were then vigorously rinsed twice with warm HSS containing 0-035 % bicarbonate and incubated for a further 1 h with fresh MM. Immediately after the phagocytosis period, or after the subsequent 1 h incubation, replicate monolayers were either assayed for cyclic AMP content and the number of stainable bacteria per macrophage or processed for electron microscopy.
Estimation of cyclic AMP and stainable bacteria in macrophage monolayers. Monolayers were chilled on ice, rinsed twice with ice-cold HSS and the majority of cells were scraped free into 2 ml HSS using a silicone rubber 'policeman'. Each cell suspension was added to 1 ml 12% (w/v) perchloric acid, dispersed by ultrasonication (Biosonik microprobe, Bronwill Scientific Co., Rochester, N.Y., U.S.A. ; 60 W output for 20 s) and duplicate samples were assayed for DNA (Giles & Myers, 1965) and cyclic AMP. Samples for cyclic AMP assay were partially purified on 7 x 0-5 cm columns of AG 50W-X8 Hf resin (BioRad) by washing with 3 ml 1 mM-potassium phosphate buffer, pH 7.0 (Kuo & Greengard, 1972) . Cyclic AMP was eluted with 6 mI water, freeze-dried and assayed using a competitive protein binding assay kit (The Radiochemical Centre, Amersham). Typically, 92 % of cyclic [3H]AMP incorporated in samples as an internal standard was recovered. Cyclic AMP: macrophage ratios were calculated using the DNA estimates. The mean number of cell-associated bacteria per macrophage was estimated by light microscopy of residual monolayer cells (Lowrie et a]., 1979) .
Assay of bacterial cyclic AMP. It was anticipated that bacterial cyclic AMP might significantly contribute to the total cyclic AMP in infected macrophages (Lowrie et QZ., 1975a) . Accordingly, in each experiment, samples of the bacterial suspension in phagocytosis medium were assayed for intra-and extra-bacterial cyclic AMP both before and after 2 h incubation in glass tubes at 37 "C. Bacteria were pelleted by centrifugation and disrupted by 10 min ultrasonication in ice-cold 12 "/, perchloric acid. Supernatant phagocytosis medium, sterilized by membrane filtration (0.22 pm pore size; Millipore), and bacterial extracts were purified and assayed for cyclic AMP as described above.
Electron microscopy. Monolayers were processed in duplicate for electron microscopy essentially as described by Hirsch & Fedorko (1968) . Medium was removed from the dishes and the monolayers were immediately flooded with freshly mixed ice-cold ~a t i v e solution (3 ml). This contained 0.67 : < (w/v) osmic acid and 0.83 % (v/v) glutaraldehyde buffered at pH 7.2 with 0.1 M-sodium cacodylate. The dishes were placed on ice and after 2 to 3 min the fixative was removed and replaced with fresh fixative (3 ml).
After 1 h the monolayers were rinsed twice with Ringer's solution and flooded with 0-25 % (w/v) uranyl acetate in 0.1 M-veronal acetate buffer, pH 6-3. After 15 rnin the monolayers were again rinsed in Ringer's solution and dehydrated through a graded series of ethanol concentrations. All solutions were ice-cold and monolayers were allowed to warm to room temperature during three final rinses in absolute ethanol. The dishes were flooded with propylene oxide and gently agitated while the solvent dissolved the surface plastic and the monolayers came free as fragmented sheets. This method of harvesting the cells avoided the extensive cell damage which otherwise occurred when fixed cells were scraped free into aqueous suspension. The monolayer sheets were transferred to glass tubes, allowed to settle through propylene oxide (3 x 10 ml) and then infiltrated with a mixture of equal volumes of propylene oxide and complete Araldite resin mixture for 18 h at room temperature. The cell sheets were finally centrifuged through resin and blocks were cured at 60 "C for 7 d. Quantitative ultrastructural surveys of bacterial morphology and phagolysosome formation were done essentially as described by Armstrong & Hart (1971) . Widely interrupted series of thin sections were cut from replicate blocks prepared from each monolayer so that many different cells could be examined. Sections were stained with uranyl acetate, randomly coded to avoid bias during microscopy and examined using a Philips EM 300 electron microscope. Each cell profile encountered which contained intracellular bacteria was examined to assess whether the bacteria were free within the cytoplasm or confined within a membrane lined vesicle. Each vesicle which contained one or more bacteria was counted as either a phago- Bacterial suspensions were incubated with monolayers for 2 h at 37 "C at different bacterium:phagocyte ratios. Monolayers were then rinsed and examined either immediately or after a further 1 h incubation in maintenance medium. Cell-associated bacteria were counted by light microscopy of Giemsa-stained monolayers. The average cyclic AMP content of replicate control (bacterium-free) monolayers was subtracted from the average content of the macrophages exposed to bacteria and the difference is shown. In experiments 3 and 4, bacteria were suspended in Dulbecco's salt solution instead of Hanks' salt solution during phagocytosis.
Immediately after phagocytosis lysosome or a phagosome, according to the presence or absence of ferritin, the marker for lysosomal contents, within the same vesicle. Each bacterium was examined for signs of morphological damage and each phagosome or phagolysosome was accordingly recorded as containing either intact bacteria only or at least one damaged bacterium. Morphological integrity was not used as a criterion of bacterial viability (c.f. Armstrong & Hart, 1971) .
R E S U L T S
Change in cyclic AMP content of mucrophuge monolayers The results of counts of bacteria and assays of cyclic AMP in monolayers of five representative experiments are summarized in Table 1 . No significant increase in monolayer cyclic AMP content was seen after phagocytosis of either living or dead bacteria, even when phagocytosis took place in the absence of exogenous glucose (experiments 3 and 4), that is in conditions which favour bacterial cyclic AMP synthesis (Rickenberg, 1974) . Analyses of pooled data revealed no correlation between change in cyclic AMP and the number of monolayer-associated bacteria. In experiment 1, in which overwhelming bacterial infection was established, a significant decrease in macrophage cyclic AMP content occurred. This accompanied damage to the monolayer, manifested 1 h after phagocytosis as detachment of rounded-up cells.
Bacterial cyclic AMP production During 2 h incubation at 37 "C the number of bacteria suspended in HSS containing 2-5 o/b serum (phagocytosis medium) increased approximately fourfold. Although the total cyclic AMP in the suspension remained unchanged, the cyclic AMP content of the bacteria decreased about fourfold from 1 to 2 down to 0.2 to 0.5 pmol (los bacteria)-l. In contrast the bacteria did not multiply when incubated for 2 h in Dulbecco's salt solution containing 2-5Oj, serum and the total cyclic AMP present increased approximately fivefold to 5 to 8 pmol ( lo8 bacteria)-l. The additional nucleotide was essentially all extracellular.
Ultrastructural changes iua macrophage monoluyers
Representative macrophage monolayers were processed 1 h after phagocytosis in experiments 1 to 4 (see Table 1 ). Degenerative ultrastructural changes in macrophage morphology were seen only in the heavily infected monolayers of experiment I , consisting of loss of cytoplasmic fine structure in rounded cells. A toxic effect of .the bacteria was inferred. All other monolayers showed a well-preserved ultrastructure with abundant ferritinlabelled secondary lysosomes and a variable proportion of unlabelled small vesicles, some of which were apparently primary lysosomes arising from the Golgi apparatus.
Salmonellae were always found within phagosomes or phagolysosomes in healthy macrophages. Degenerating macrophages in experiment 1 occasionally contained intact bacteria which appeared to be free in the cytoplasm.
Some damaged intracellular bacteria were always observed regardless of whether the macrophages had ingested untreated or glutaraldehyde-killed organisms; damaged bacteria showed swelling, cytoplasmic patchiness and wall disruption. The most severe bacterial damage was observed in macrophages which contained pre-killed bacteria (Fig. 1) . Bacteria phagocytosed from living inocula were minimally damaged and manifested swelling only. The macrophage cytoplasm adjacent to vacuoles which contained intact bacteria from live inocula frequently showed an increased electron density (Fig. 2) . The same phenomenon
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Table 2. Phagolysosome formation and bacterial digestion in macrophages containing either untreated or glutaraldehyde-killed Salmonella typhimurium
The numbers of bacterium-containing phagosomes observed during electron microscopy were subdivided according to whether. the intraphagosomal bacteria were damaged or intact and whether the phagosomes had or had not fused with ferritin-labelled lysosomes. -f Occasional phagosomes which contained both damaged and intact bacteria were scored as containing damaged ones. * Significant difference between these two percentages (P < 0.001).
7, $ Significant difference between these pairs of percentages (P < 0.001).
in rabbit macrophages infected with Listwia monocytogenes, Staphylococcus aureus or Salmonella typhi was illustrated by Leake et al. (1971) , but its significance is not known. The relative numbers of intact or damaged bacteria and the relationship between bacterial damage and exposure to lysosomal contents are shown in Table 2 and illustrate two main features. First, bacteria from killed inocula were damaged much more often than those from the live inocula. Second, lysosomes had usually fused with phagosomes regardless of whether the bacteria were from a living or a killed inoculum.
Statistical analyses of the results shown in Table 2 indicated that significantly more of the intracellular bacteria were damaged in the macrophages supplied with dead bacteria than in those given living bacteria (P < 0.001) ( Table 3) . Although fusion tended to be more frequent with the pre-killed bacteria, empirically weighted logit analysis, in a 2 x 2 x 2 contingency table of the proportions of phagosomes fused with lysosomes, showed that the nature of the inoculum, whether of live or dead bacteria, did not significantly affect the extent of fusion of lysosomes with phagosomes and no significant interactions were revealed (P > 0.05). In contrast, damaged bacteria were significantly more often found in phagolysosomes than were intact bacteria (P < 0.001).
D I S C U S S I O N
Studies of the interaction of S. typhimurium strains of low virulence with macrophages had shown that rapid and extensive phagol ysosome formation followed phagocytosis by mouse peritoneal macrophages both in vitro and in vivo (Fauve & Delaunay, 1966; Blanden, 1968) . It was possible, however, that events with virulent bacteria would be different. Takeuchi (1967) observed that virulent bacteria which had been engulfed by macrophages during their passage through the wall of the ileum in infected mice were often in phagolysosomes but the viability of these organisms was uncertain. Our experiments showed that phagolysosome formation is extensive even with living virulent bacteria and we could observe no substantial inhibition of the fusion process or escape from the phagolysosome. Intracellular proliferation (Lowrie et al., 1979) evidently occurs within these vesicles. In this respect the organism resembles M . lcpaemurium and Leishmania species (Hart et ul., 1972; Alexander & Vickerman, 1975; Chang & Dwyer, 1976) .
The bacteria were resistant to lysosomal enzymes when alive, as were the 20% of 'dead' organisms in the 'live' inoculum. Only minimal damage was seen when they were intracellular. Similar resistance was observed in the studies of Takeuchi (1967) and Blanden (1968) . This contrasts strikingly with the rapid destruction of the glutaraldehyde-killed bacteria. The general appearance and stages of bacterial disintegration, even with glutaraldehyde-killed organisms, closely resembled those illustrated by Blanden (1968) and Leake et al. (1971) from studies, respectively, of' S. tj'phimurium in peritoneal macrophages from BCG-vaccinated mice and of S . typhi in pulmonary aveolar macrophages from BCGvaccinated rabbits. Resistance of S. typhinzuriuin to attack by lysosomal enzymes is probably conferred by the structure of the wall lipopolysaccharide (Friedberg & Shilo, 1970; Tagesson & Stendahl, 1973) , just as resistance in M . lepraemurium seems to reside in that organism's thick lipid envelope (Draper & Rees, 1970) .
Salmonella typhimurium further resem bles M . lepraemurium in not causing an increase in cyclic AMP in infected macrophages. Although M. lepraemurium as isolated seemed to have very little cyclic AMP content or synthetic capacity (Lowrie et ul., 1975b) , S. typhiniurium was able to synthesize and release up to 8 pmol (los bacteria)-l when incubated for 2 h in glucose-free phagocytosis medium. Hence, if the bacteria continued cyclic AMP synthesis at a similar rate in the intracellular environment, the large numbers of intracellular bacteria attained in this study might have been expected to cause detectable increases in the nucleotide in the monolayers. That n o increase was seen might be attributable to any or all of the following factors: decreased synthesis by intracellular bacteria, destruction of released bacterial cyclic AMP by lysosomal enzymes or depression of the level of macrophage-synthesized cyclic AMP by toxic bacterial products. The latter phenomenon was apparent in the significant decrease in the nucleotide in overwhelmingly infected monolayer s.
Considered in isolation, the observation that S. typhimurium neither raises the cyclic AMP content of infected macrophages nor inhibits phagolysosome formation neither supports nor detracts from the hypothesis that fusion inhibition in other infections is cyclic AMP-mediated. Nevertheless, the correlation between fusion inhibition and cyclic AMP enhancement has been sustained : live M . microti and M . bovis BCG possess substantiaI capacity to elevate cyclic AMP levels and inhibit fusion; dead bacteria, inert particles and live M . Zepraemuriurn and S . typhimurium possess neither (Lowrie, 1978) .
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